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Abstract
We report on design rules for the passive air damping of laterally oscillating MOEMS [1]. They allow for a tailor made charac-
teristic of the transfer function of a microsensor for a given ﬁeld of application. Measurements in air at atmospheric pressure as
well as in vacuum at a pressure of 10−4 to 10−1 mbar were accompanied by ﬁnite volume method computational ﬂuid mechanics
simulations using the open source software OpenFOAM®. These were combined with analytic models to identify and quantify
the important parameters of the air damping of a micromachined vibration sensor with optical read-out. Our results prove that the
desired damping can be achieved with high precision. This important fact can now be used to design a wide range of MOEMS
with a well-deﬁned quality factor Q, e.g. for resonant sensing (high Q, low frequency range) or vibration sensing (low Q, high
frequency range).
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
Many of today’s sensors involve oscillating microstructures. In general, they can be described as harmonic oscil-
lators that are driven by a (periodic) external force Fext = K e
iωt and damped by a force proportional to the velocity of
the structure Fd = d x˙(t) = d vstr. The factor of proportionality d is called damping parameter. It is connected to the
dissipation of kinetic energy of the oscillator and thus plays a key role for the frequency characteristics of the sensing
element. While the stiﬀness k and the mass m of the oscillator mainly determine the resonance frequency ω0, the
height and relative width of the resonance is determined by d. A high damping parameter corresponds to a low quality
factor and to a wide resonance peak in the transfer function of the micro-opto-electromechanical system (MOEMS).
In contrast to that, a weak damping results in a high resonance peak as well as a high Q-factor.
The main source for energy dissipation in microstructures oscillating in ambient pressure is the damping induced
by the surrounding ﬂuid, i.e. air in the present paper [2]. Other dissipating mechanisms such as anchor loss or
thermoelastic damping are overshadowed by far. They become dominant only in the absence of a surrounding ﬂuid,
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(a) Micrograph of our test structure. The oscillations of
the Si mass induce a light ﬂux modulation through the
holes in the Si mass and the Cr aperture on the glass. The
air damping depends on the distances from the mass to
the Si frame (in-plane) and to the glass wall (out-of-plane)
[1].
(b) Components contributing to the air damping of the
device. Couette ﬂow (dC), shear waves (dδ) as well as
pressure and viscous forces (dfr) acting on the front of the
seismic mass are the major contributions.
Figure 1: Layout (a) and damping components (b) of the MOEMS.
i.e. in evacuated devices. Due to the strong inﬂuence of viscous and pressure induced damping, it is mandatory to
isolate and control the relevant quantities that determine d. This allows for tuning the transfer function, especially
height and width of the resonance peak, of the MOEMS to ﬁt the needs of a given sensing purpose. For instance, a
vibration sensor favors a low peak to extend the measurement regime and to avoid ringing, whereas a resonant sensor
requires a very high peak for high sensitivity.
In order to describe and quantify the contributions to the air damping, one can employ analytical models and/or
numerical approaches. For the present case, a combination of both was used, since on the one hand analytical models
are very time saving and eﬃcient, but on the other hand compact and plausible ones are available only for few very
simple geometries. As numerical approach, we chose the ﬁnite volume method (FVM) implemented in the open
source software OpenFOAM®. The FVM is a numerical method for solving partial diﬀerential equations and a
typical and preferable choice for computational ﬂuid dynamics (CFD) problems. This is mainly due to the fact that
the FVM by deﬁnition satisﬁes mass, momentum and energy balance, three of the most fundamental requirements for
ﬂuid dynamics.
2. Governing Equations and Damping Contributions
The oscillation of the microstructure can be described by a damped (d), driven (K = K ex), harmonic oscillator
with mass m and stiﬀness k. A micrograph of a test structure is depicted in Fig. 1a. The complex valued, frequency
dependent transfer function A(ω = 2π f ) of the sensing device is thus given by
A(ω) =
K ω2
−ω2 + iω d
m
+ k m
. (1)
The damping parameter d results from the induced, incompressible ﬂow of air (density ρ, dynamic viscosity μ)
between structure and bounding walls that satisﬁes the Navier-Stokes Equation and mass balance
∂ v
∂ t
+ (v · ∇)v = −
1
ρ
∇p +
μ
ρ
Δv and ∇ · v = 0, (2)
respectively. Here, p is the ﬂuid’s pressure and v is the ﬂuid’s velocity which has to satisfy the no-slip condition
v = vstr on the microstructre. A graphic overview of the contributions to the air damping can be seen in Fig. 1b.
The usually largest contribution dC is due to the steep linear velocity proﬁle of the Couette-like ﬂow between glass
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(a) Plot of the damping coeﬃcients of the test structure ob-
tained with OpenFOAM for a variation of the front gap xfr.
For small values of xfr, the contribution dfr becomes domi-
nant, whereas for large values of xfr, dC is largest.
(b) Setup for the measurement of the transfer function
of our sensor. The actuation via a piezo driven shaker
[5] is recorded by a laser Doppler vibrometer (Polytech
MSA 400) and the transfer characteristics of the sensor
by the optical read-out within the sensor mounting.
Figure 2: FVM results (a) and Measurement setup (b).
chip and seismic mass. The damping due to the opposite face dδ and front faces dfr of the mass are smaller, but still
relevant. For dC and dδ can be modeled very well, even by exact solutions of the Navier-Stokes Equation [2–4]. It can
be seen that dC and dδ are due to viscous stress only, the pressure contribution vanishes. With d deﬁned as force over
velocity d = F/v = τ Am/v, where τ is the stress at the surface Am, they can be calculated to
dC =
τC Am
v
= μ
Am
g
, and dδ =
τδ Am
v
= (1 − i) Am
√
ωρμ
2
. (3)
Thus, there is only one relevant parameter for dδ, namely the base area of the seismic mass Am. For the Couette
contribution, there are two relevant parameters, again Am and the height of the gap g. In contrast to dC and dδ,
analytical modeling of the front contribution is very hard and - to our knowledge - there exists no appropriate model.
Thus, dfr, which is caused by pressure forces, is covered by the FVM simulations. Even without an analytical model,
the relevant parameters for this contribution can safely be identiﬁed as the area of the front face Afr as well as the
width of the corresponding gap xfr. Employing a squeeze ﬁlm description, for example, will severely underestimate
the damping forces by several orders of magnitude for appropriate values of xfr.
3. Measurements and Results
The results of the previous section can now be used to design a structure with a well-deﬁned damping ratio. One
might not want to vary all of the relevant parameters Am, Afr, g, xfr, since they aﬀect other quantities of the system.
In our case, we take Am and Afr as ﬁxed quantities as they inﬂuence the mass and thus the resonance frequency. The
size of the gap g results from the fabrication process and can be adjusted to a certain degree (from a few to a few tens
of microns), here we have g = 12.4 μm. The front gap xfr can be chosen more freely. It is possible to set it to a range
from a few to a few hundreds of microns. Since we expected large deﬂections for measurements in vacuum, we took
xfr = 40 μm for out test structure.
We ran FVM simulations for these parameters and other values of xfr. The resulting damping coeﬃcients can
be viewed in Fig. 2a. Note that, while the shear stress eﬀecing dC and dδ stems from the viscosity, dfr is due
to pressure. The total damping coeﬃcient of our test structure was calculated to d = dC + dδ + dfr = 3.45mg/s.
Due to ﬁnite size eﬀects, the analytical models slightly overestimate the corresponding contributions resulting in
d = dC + dδ = 3.59mg/s. Since there are still other small contributions unaccounted for, we expect the measured
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Figure 3: Amplitude and phase of the transfer function A( f = ω/2 π) (Eq. (1)) of our sensor measured at 3 · 10−4 mbar (left) and atmospheric
pressure (right). The green and blue lines/circles correspond to measurements, the black dashed line to a ﬁt of the data. The insets show a zoom
around the resonance peak.
damping coeﬃcient to be slightly higher than the one obtained by the FVM, but lower than the one obtained by the
model. The resonance frequency was designed to be f0 = 780Hz.
The setup for measuring the test structure is depicted in Fig. 2b. To determine the actual air damping and to isolate
it from other eﬀects, such as thermoelastic damping and anchor loss, we conducted our measurements at pressures
of p = 3 · 10−4 mbar and p = 1 bar. The corresponding transfer functions are depicted in Fig. 3. Fits of the transfer
functions revealed a damping of d ≈ 0.01mg/s in vacuum and d = 3.51mg/s in atmospheric pressure. Thus, the
measured air damping of d = 3.50mg/s is in excellent agreement with the designed value.
It has been shown that not only viscous drag but also pressure forces contribute to the damping. When applied as
a vibration sensor, we want to increase the dissipation as far as possible. Future devices that will not be operated in
vacuum can be designed with a by far decreased xfr. In combination with optimized parameters, we expect to reach a
critically damped oscillator by passive air damping alone.
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